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Abstract 
Functionally Graded Materials (FGMs) are materials with elastic properties O, P and density U depending on spatial coordinates. 
When between two homogeneous materials the transition layer thickness is of the same order of magnitude as the mechanical 
wave length, the wave scattering behavior at the interface becomes frequency dependent. The effect is of growing importance for
micro- and nanostructures since the relative size of the interface layers is generally larger than in macroscopic structures. In this 
work a linear material grading is achieved with physical vapor deposition by magnetron sputtering. The used materials are 
aluminum (Al) and tantalum (Ta) due to their strong variation in acoustic impedance (bulk force reflection coefficient 0.6) and
their good intermixing properties. In the sample investigated here the material transition layer thickness amounts to 60nm. With
Rutherford Backscattering Spectroscopy (RBS) measurements and electron microscopy (SEM/TEM) the material properties of 
the sample are characterized. Mechanical waves in the specimen are excited and detected using a pump probe laser acoustic 
setup. The frequency dependent wave propagation in FGM is demonstrated by investigating the spectral response in theory and 
experiments. The entire experimental setup is modeled using a finite difference algorithm for better interpretation of the 
measurements. The frequency dependent wave propagation in FGM is analyzed to characterize the interface and finds 
applications in high frequency filters, semiconductor manufacturing or thermal barrier layers. 
PACS: 68.60.Bs; 62.25.Fg; 43.35.Ns; 43.35.Cg; 43.20.El; 
Keywords: FGM; filter; frequency; grading; laser; material property; picosecond ultrasonics; wave propagation 
1. Introduction 
Functionally Graded Materials (FGMs) are materials with elastic properties Ȝ, μ and density ȡ depending on 
spatial coordinates. FGM are typically used to reduce cracking or spallation effects. Also graded interfaces might 
occur due to diffusion in semiconductor structures. 
Research on these materials has mainly focused on the stress concentration reduction at interfaces. The 
investigations were performed by comparing static stress concentrations. Chiu et al. [1] have studied the 
elastodynamic wave propagation in graded materials, however, it is a rarely treated topic. As shown by Vollmann et. 
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al [5], when the material transition layer thickness is of the same order of magnitude as the mechanical wave length,
the wave scattering behavior at the interface becomes frequency dependent. The effect is of growing importance for
micro- and nanostructures since the relative size of the interface layers is generally larger than in macroscopic
structures. In this work, particular interest is given to the relationship of an incident pulse frequency spectrum and its
propagation through the graded interface.
Ta-Al films prepared by magnetron sputtering are manufactured to study experimentally the frequency dependent
wave propagation. The mechanical waves inside the sputtered films are excited by a short pulse laser. Short pulse
laser ultrasonics, as introduced by Thomsen et al. [3], use very short laser pulses having durations of less than 100fs
in order to excite acoustic pulses i.e. bulk waves thermoelastically. The ‘round-trip-time’ of these acoustic pulses is 
measured with a pump-probe scheme which is described in detail by Vollmann et al. [5]. The induced pulse has a 
wide bandwidth frequency content. The mean wave length amounts to 50-100nm.  Herewith the examination of the
graded Ta-Al films with a thickness in the same range of magnitude is achieved. For better interpretation of the
measurements, the entire experimental setup is modeled using a finite difference algorithm.
Independently, other methods are applied to obtain information about the geometrical situation of each layer, its 
chemical composition, and structural density. The composition of Ta-Al films is examined by Rutherford
Backscattering Spectroscopy (RBS). The microstructure of the Ta-Al films is studied by Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM).
2. Simulation and Theory
2.1. Simulation model
Numerical simulations are performed for a better interpretation of the measurements presented in chapter 4. One-
dimensional propagation is assumed due to the fact that the laserspot diameter (approximatively 5Pm) is about 100
times larger than the wavelength.
The simulations are calculated with a simulation model consisting of three main parts which are shown in Fig.1. 
The one-dimensional thermal and acoustic response is computed with a finite difference time domain algorithm.
Fig.1 Simulation model: laser power densityS, stressV , strain Hand reflectivity change R' .
2.1.1. Two temperature model
In the first part of the simulation the temperature distribution in the top metal layer heated by the laser pulse is
calculated with a two temperature model. The two temperature model takes into account that the electron 
temperature and the lattice temperature are not in equilibrium due to the fast heating process. The temperature
distribution determines the excitation stress ıexcit, that launches the mechanical wave.
2.1.2. Wave propagation
The mechanical wave propagation is calculated in the second part of the simulation. The equations for the one-
dimensional wave propagation in an isotropic elastic medium are given by:
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Whereby is the velocity and the stress. Equation (1) is Newton’s equation, (2) is the constitutive
equation with the kinematical relation directly substituted. As the modeled medium consists of a graded layer 
between two homogeneous layers, the elastic properties Ȝ, μ and density ȡ depend on . The variation of the elastic
properties is assumed to be proportional to the variation of the density. The transition layer has the characteristic
length . The material grading function is discretized in a multilayer stack of homogeneous layers of 5nm thickness
with a molecular ratio of  rising monotonously. The homogeneous layer thickness of 5nm is selected
in accordance with the fabrication process and amounts to a tenth of the wave length. From the point of view of the
wave length, the multilayer stack is considered as a graded interface.
z, tV
d
Al / (Ta Al
The stress free boundary condition is applied to the surface of the specimen:
z 0V   (3)
Since the silicon substrate is more than three orders of magnitude thicker than the sputtered layer, the waves in
the silicon are not reflected from the back of the substrate to the surface during the time window of a measurement.
So in order to save computation time, for the silicon layer the wave propagation is calculated only in the first
nanometers. At the back of these first nanometers, an absorbing boundary condition is applied, the Mur’s law. The 
wave propagation equations are solved with finite differences on a staggered grid and provide the strain distribution
 as a function of space and time. (z, t)H
2.1.3. Photoacoustic effect 
In the third part of the simulation the optical reflectivity change at the surface R(t)' is calculated. In this paper,
the thermal contribution of the observed signal is removed in order to focus on the acoustic information of the
simulated or measured signal. Figure 2 shows the reflectivity change of the computed sample.
A more detailed description of the different parts of the simulation model is given in Vollmann et al. [5].
Fig.2 Simulated photoacoustic effect without thermal
contribution of a 300nm Al / 60nm Al-Ta / 250nm Ta film.
Fig.3  Space time diagram of the wave propagation of the E3 and 
E4 arrivals in a Al-Ta film. The E4 arrival is a superposition of
the red and blue dashed pulse. 
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2.2. Frequency-dependent acoustic reflectivity
In order to investigate the frequency dependent wave propagation on graded interfaces, the relationship of an
incident pulse frequency spectrum to its response from the graded interface is analyzed.
The specimen considered in this paper consists of a 300nm Aluminum top layer, a 60nm transition layer and a
250nm Tantalum layer. The substrate is a 500Pm thick Silicon wafer. This geometry is selected to facilitate the
investigation of transition layer. 
The simulation results are shown in Fig.2. The peak observed at 240ps corresponds to the round trip from the free 
surface, through the aluminum, the transition layer and the tantalum. This peak is denoted by echo 3 (E3) and is 
used as the incident pulse for the frequency dependent wave propagation analysis. The peak at 335ps is the response
of E3 from the graded interface. This echo is denoted by E4. This peak is a superposition of two peaks. A schematic
illustration of the superimposed signals is given in Fig.3. This superposition yields a strong reflected signal, which
helps the signal identification.
To investigate the frequency dependent wave propagation on graded interfaces, the acoustic arrivals are separated
by individually windowing each arrival with a Hanning window (dashed line in Fig.2). The frequency contents of
the windowed arrivals are determined with the fast Fourier transform algorithm. The ratio of each frequency
component of E4 over E3 Fourier magnitudes yields a transfer function. This transfer function describes the
frequency dependent reflectivity of a graded interface for an elastic pulse propagating through it.  Fig.4 illustrates 
the numerically computed transfer function for a step interface and a linear gradient interface. The transfer function
is plotted as a function of wave length. The simulated results are compared to the semi analytical solutions of the
transfer matrix method. The transfer matrix method was developed initially by Thompson [4]. The continuum model
of the transfer matrix method consists of a linear elastic medium.
There is very good agreement between the simulated and the theoretical transfer function. In Fig.4, the
frequency-dependent energy transfer is clearly visible. Nearly the total energy is transmitted for the short
wavelength part, while the long wave lengths are reflected as for a step interface. The maximum energy reflection 
coefficient for the long wave part corresponds correctly to the case of a step interface and amounts for these 
materials to 0.36. The simulated curve shows evident discrepancy for the long wave part. The long wave parts are
not sufficiently sampled and induce therefore numerical discrepancy. The maximum numerical wave length with
enough resolution is illustrated with the black dashed line in Fig.4. The maximum wave length is sampled with 30
space increments.
Fig.4  Energy reflection computed from E3 and E4 arrivals for a 
linear graded interface of 60nm thickness between aluminum and
tantalum. The transfer function is plotted as a function of wave
length. Simulated (blue dotted) and analytical (red) solutions are 
plotted. The horizontal red line represents the transfer function of 
a step interface. The black dashed line represents the maximum
simulated wave length with enough sampling
Fig.5  Main components of the pump probe laser setup 
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3. Experimental Setup 
For the measurements presented here, a pump probe setup is used. An extensive description of pulse laser pump
probe measurements is given by Vollmann et al. [5]. A pulse laser generates very short light pulses (<100fs) with a 
repetition rate of 81 MHz and a wave length of 800nm. The laser is separated by a beam splitter into a pump and a
probe beam, which are used for the excitation and detection of acoustic pulses in the structures to be inspected. The
experimental setup is shown in Fig.5. In order to reduce the laser spot size a microscope objective is used. The
diameter of the focused beam at the surface of the specimen is estimated to be in the order of 5Pm.
The pump pulse arriving at the surface of the specimen causes a fast temperature increase near the surface. This
temperature increasing launches a mechanical wave which starts to propagate through the specimen. At every
interface the waves are partly reflected thus heading back to the surface. Near the surface, the reflected mechanical
waves induce a small change of the reflectivity. This photoacoustic change is superimposed with the influence of the
temperature rise at the surface. The optical reflectivity is recorded with a photo detector that measures the intensity
of the reflected probe beam. In this manner the time of flight of the bulk wave pulses through the specimen is
measured.
4. Experimental Results
The Ta-Al films are deposited on the substrates at room temperature by magnetron sputtering. The graded
transition layer is obtained by varying the sputter rate of each target simultaneously: while the tantalum sputter rate
is decreasing, the one of aluminum is increasing. The sputter rate depends linearly on the electrical power at the 
target and the pressure in the chamber. While the pressure is held constant, the electrical power is adjusted to
achieve a constant growth rate over the whole sample. A sputter rate of 12nm/min is chosen. The linear gradient
function is achieved by discretizing the material grading function in a multilayer stack of homogeneous layers of
5nm thickness with a molecular ratio of Al / (Ta Al)  rising monotonously, as explained in section 2.1.2.
4.1. Characterization
The processed samples are characterized using Rutherford backscattering (RBS) which shows the composition
and geometry of the film. Very good agreement between simulated and measured RBS results is obtained. A
material gradient is clearly achieved. A maximum discrepancy of 12% from the target value is observed.
The microstructure of the specimen is further studied by Transmission Electron Microscopy (TEM). Fig.6 is a 
cross-section bright field image at 43’000-fold magnification, and shows well-formed layers of the Ta-Al film.
However, the interface between the layers is slightly undulary which may be due to the fluctuation of the sputtering
and roughness of the silicon substrate.
Fig.6  TEM image of the deposited Ta-Al
film in the cross-sectional view. 
Fig.7 HRTEM image of the deposited Ta-Al film in the cross-
sectional view. Crystallite structures are encircled.
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The analysis of a high resolution TEM (HRTEM) image yields information about the grain size and orientation.
In Fig. 7 two HRTEM images at 390’000-fold magnification are shown. In both pictures areas of regular patterns are
identified (encircled by a dotted white line). These regular areas are Moiré patterns, which arise from crystallite
structures. In Su et al. [2] similar structures are observed for sputtered Ta/Al alloys.
4.2. Laserbased ultrasonic measurements
The pump probe laser setup is used to determine the frequency dependent wave propagation in graded sputtered
Ta-Al film. To maintain consistency, the experimental reflectivity change curve is analyzed using identical
procedures as for the numerical curve of Fig.2. In Fig.8 the measured transfer function of the specimen is shown.
The frequency dependent wave scattering is clearly visible as in Fig. 4.  A graded interface behaves like a 
mechanical filter. Some discrepancy with Fig.4 is caused by the inaccuracy of the classical thermoelastic model. The 
numerical model doesn’t consider the inhomogeneous molecular structures, and neglect any damping effect. 
Fig.8 Measured transfer functions between E3 and E4 arrivals for a
linear graded interface between aluminum and tantalum. The horizontal
black line represents the transfer function of a step interface. 
5. Conclusions
Graded Ta-Al films are prepared by magnetron sputtering in order to study the elastodynamic wave propagation
experimentally. A 60nm Ta/Al graded structure is investigated. The composition and morphology of the graded film
are characterized by RBS and TEM/SEM. These measurement techniques have shown that the Ta/Al film has a
well-formed structure. In the graded interface crystallite structures are found.
The frequency dependent wave propagation is characterized with a pump probe laser setup. The analytical,
numerical and experimental results clearly showed a filter effect. Nearly the total energy is transmitted for the short
wavelength part, while the long wavelengths are partially reflected. Good agreement between simulated and
analytical solutions is obtained. The finite difference algorithm used for better interpretation of the ultrasonic
measurements is herewith validated. Some discrepancy is observed between numerical and experimental transfer
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functions. This inaccuracy may be due to limitations in the classical thermoelastic model, which doesn’t consider the 
inhomogeneous molecular structures, and neglect any damping effect. 
This paper shows the potential capability of the pump probe laser setup to characterize the thickness and the 
gradient function of graded interfaces in a rapid, non-destructive and non-contact manner. 
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